Abstract.The urgency of this work is determined by the intensification of the role of steam-gas technologies (combined cycle technologies ) in the field of power engineering in Russia and throughout the world. Developed mathematical model of ternary combined cycle plants, which is based on balance method includes system of mass balance and energy balance equations for ternary combined cycle plants and its units, equations of steam expansion in turbine and working fluids thermodynamic properties. On the basis of a model was carried out the analysis of the impact of the structure and thermodynamic parameters on thermal effectiveness of heat-recovery ternary combined cycle plants which cycle is the combination of three working substance cycles, one of which is low-boiling substance. The analysis of the thermal effectiveness of ternary combined cycle plants was made by means of the small-deflection method. The optimal parameters of operating environment and structure of a ternary combined cycle plants were determined.
Introduction
Steam-gas technology (combined cycle technology) which contributes to the considerable effectiveness and environmental safety increase of thermal engineering has actively been implemented in the world power engineering. The launch of new generating equipment at thermal power plants is mainly carried out by the application of combined cycle plants [1] . The most efficient are combined cycle plants of heat-recovery type with different thermodynamic cycles and schemes, produced on the basis of modern high-temperature gas-turbine installation (GTI). The fuel energy in these kinds of combined cycle plants is fed to the working substance in the combustion chamber of GTI only, the heat of the gas burned (flue) in GTI is used in a boiler-utilizer for the generation of superheated steam which is further used in a steam-turbine plant.
The most currently wide-spread heat-recovery CCP are binary ones. Two working substances are used in these types of power plants: the mixture of air with fuel and steam combustion products. They considerably surpass the traditional steam-turbine power generating units concerning their thermodynamic effectiveness and ecological parameters. Their coefficient of efficiency can reach 60 %. The optimization of binary CCP is carried out on different efficiency criteria [2] [3] . The tendency to improve the combined cycle plants effectiveness leads to the necessity to consider the combined cycles with the use of low-boiling substances, for example, binary CCP where gas-turbine cycle is combined with Rankine cycle on low-boiling substance. The selection and optimization of thermodynamic parameters of those CCPs is shown and carried out in works [4] [5] [6] [7] [8] [9] . The article [10] is devoted to the perspectives of the application of binary generating units with low-boiling working substance intended for cogeneration. The analysis of literature on this topic has shown that at present either binary combined cycle plants or binary cogeneration power plants are the objects of the research in the field of steam-gas technologies [11] [12] [13] [14] [15] . The object of the given research are ternary combined cycle plants.
Ternary combined cycle
Three thermodynamic cycles are gradually combined in a ternary combined cycle plant [16, 17] : in a gas-turbine plant -the Brighton cycle based on the mixture of air with combustion products, in a steam-turbine plant -Rankine cycle on low-boiling substance steam. The heat recovery in a in a ternary CCP occurs in two parts of the cycle: -water heating, steam generation and steam superheat by the cooling of burned (flue) gases of a gas-turbine plant; -steam generation of a low-boiling substance and steam superheat by waste steam condensation in a condenser-reboiler. Figure 1 illustrates one of the simplest ternary CCP scheme. 1 Corresponding author: anton@tpu.ru This is an Open Access article distributed under the terms of the Creative Commons Attribution License 4.0, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. Ternary CCP scheme on steam and low-boiling substance (gas-turbine plant is not shown in the scheme): 1 -boiler -utilizer; 2 -steam reheater; 3 -steam turbine; 4 -steam condenser; 5 -low-boiling substance superheater; 6 -low-boiling substance economizer; 7 -low-boiling substance steam turbine; 4 -low-boiling substance condenser; G g -gas-turbine plant gas consumption.
Pressure of waste steam is accepted below atmospheric pressure for steam generation of a low-boiling substance with sufficient high temperature. Pressure of low-boiling substance waste steam is determined by thermodynamic properties of lowboiling substance and limited by ambient temperature, therefore, its value is also higher than atmospheric pressure. The mentioned above factors eliminate one of the most complicated problems relating to the vacuum maintenance in turbine condensers. Due to high final pressure waste steam is in a superheated state, therefore the interim steam superheat is aimed at the increase of electric power of a turbo unit, but not at decrease of the final steam humidity.
Thermal effectiveness of a ternary combined cycle plant
The achievement of high effectiveness of a ternary CCP by the specified gas turbine plant parameters and characteristics is possible by the optimal values of thermodynamic parameters and the consumption of working substances; however, they are interconnected and not all of them can be controlled by optimization, for example, the live (working) steam saturation temperature of low-boiling substance and its pressure are determined by steam pressure values in a condenser.
To find out the influence of each plant (installation) on the effectiveness of a ternary CCP it is convenient to present the coefficient of efficiency as summands: Let's express the boiler-utilizer useful output from this balance: 
Carrying on the further mathematical manipulation the following equation is obtained: -maximal heat of evaporation and lower heat capacity of liquid at saturation temperature [10] . When choosing the type of working substance of LBS it is necessary to take into account that the coefficient of efficiency of Rankine cycle lbw η is determined, first of all, by the maximal and minimal temperature values in the cycle.
To determine the investigation margin it makes sense to find out under what conditions the coefficient of efficiency of a three cycle combined cycle plant (gas-turbine, water-steam and low-boiling substance cycle) will be higher compared with the coefficient of efficiency of a binary heat-recovery CCP with a steam turbine installation operating on steam. The coefficient of efficiency can be expressed from (1) by the exclusion of the last summand:
To carry out the comparison we will designate the coefficient of efficiency of three cycle CCP like this - η and then we will write down the inequation:
The coefficient of efficiency from (4) and (5) we will replace and carry out mathematical manipulation of inequation:
Thus inequation (7) expresses the conditions of CCP efficiency enhancement when introducing CCP into the structure of low-boiling substance cycle.
The basic value of variables are determined for a ternary combined cycle plant presented in figure 1 and by the parameters illustrated in table 1. The base of a ternary CCP is SGT5-8000H Siemens gas-turbine plant with the coefficient of efficiency of 40 %. Its electric power constitutes 375 megawatts, burned (flue) gas consumption makes up 820 kg/s, its temperature equals 625 C°, which allows to get steam with supercritical parameters which consumption is up to ɨ135 kg/s; working substance of a low-boiling substance plant is ammonia. 
The analysis of ternary combined cycle plant effectiveness by the small deviation method
The small deflection method [18] allows to obtain the solution in a general and numerical forms, using the results of calculation of some combination of the plant. This method is based on equation linearization -a mathematical device including the equation differentiation with a further replacement of value of a quantity by fractional variations. As a result the initial analytic equation is replaced by the argument (independent variable) equation in small deflections.
The 
The partial derivatives are here: 
Let's turn to the finite decrements and then to relative departures: 
Turning to the labeling of the coefficients by variable quantities we will get:
The influence coefficients 1 
The analysis of this equation shows that the greatest influence on the coefficient of efficiency has the value bu η , i.e. the effectiveness of heat use of burned (flue) gases in the boiler -utilizer. By replacing of ߟ ௨ by 1 % the coefficient of efficiency of steam-gas plant changes on 0,881 %. The increase on 1 % of heat quantity applied by fuel combustion in a combustion chamber leads to the increase on 0,516 % of CCP output. Influence coefficient of electric power of a turbine on low-boiling substance steam has a negative value, i.e. the increase of its value results in TCCP output (efficiency) decrease which confirms the conclusion made above. On the other hand, the plant efficiency on a low-boiling substance has a positive influence coefficient, the second one concerning the value ( 5 0 624 K , = ), i.e. the increase of į lbw η efficiency on 1% leads to the increase of į ccp η efficiency on 0,624 %.
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The investigation of the influence of working substances on ternary CCP structure and thermodynamic parameter was carried out on the mathematical model of TCCP. The model is based on a balance method and is a system of equation of material and power balances of steam-gas plant and its certain elements, the equations of the process of steam expansion in turbines and the equations of thermodynamic properties of working substances.
16 different variants (types) of TCCP structure by the application of different combinations were considered. This was done to increase the efficiency of TCCP on different types of low-boiling substance (R134a, R21, R290, R600, R717). The combinations were as follows:
• additional circuit of a water-steam cycle (TCCP of two or three pressures);
• interim steam superheat of low-boiling substance;
• interim steam superheat of low-boiling substance steam to increase the turbine and steam gas plant output;
• steam refrigerants of waste steam (steam refrigerant -water) and low-boiling substance steam (steam refrigerant of lowboiling substance);
• regenerative heating of low-boiling substance (RH of LBS).
As an example the obtained values of indices and influence coefficients in equation (9) for some plants are presented in tables 2 and 3.
Upon the analysis it can be concluded that the magnitudes of influence coefficient do not depend on the structure, but undergoes changes within a small range by the transition to the other type of low-boiling. The influence of the structural factor in the plant with a butane turbine is a bit higher compared with the plant using ammonia.
The coefficient of efficiency of a ternary CCP increases by exclusion (output) of the heat surfaces terminals of a low-boiling substance from a boiler-utilizer. However, the total electric power of such type of TCCP is low compared with the analogues binary CCP of three circuit type. The temperature of outgoing gases is high (145 ɨ ɋ and higher), the coefficient of efficiency of a boiler-utilizer does not exceed 78,7 %. The capacity and coefficient of efficiency of a steam-water cycle increase by the steam pressure decrease in a condenser. Simultaneously it leads to the decrease of initial pressure of low-boiling substance circuit and the reduction of its thermal effectiveness. In a plant without a superheater of low-boiling substance the steam temperature of low-boiling substance is also determined by final steam pressure. Steam consumption in a low-boiling substance loop depends on the heat quantity removed from steam in a condenser and can vary remarkably in a wide range by the variation of steam consumption and its back pressure. The introduction of regenerative heating in the plant with low-boiling substance causes the coefficient efficiency increase of the whole TCCP on 3 -4 %.
The introduction of steam-water loop of average pressure by the maintenance of the outgoing gases in the range 80 -100 °C does not have practically any influence on the TCCP efficiency; however, it leads to the plant scheme complication. Therefore, two circuit TCCP has advantages over three circuit one. The most effective is two circuit TSGP presented in figure 3 . Besides the main elements, its scheme includes a steam reheater, steam cooler of waste steam and low-boiling substance steam, and a singlestage regenerative heating of low-boiling substance. Butane R600 turned up to be the best low-boiling substance in this plant. Fig.2 The investigation of ternary CCP efficiency depending on thermodynamic parameters has enabled to find the best optimal combinations for each plant configuration. The combinations of TCCP with interim superheating and maximal values of thermodynamic parameters are preferable.
The most efficient are combinations where the values of thermodynamic parameters guarantee the maximal possible steam consumption and the thermal loading of low-boiling substance economizer has a minimal value.
Conclusions
New mathematical model of thermal effectiveness for a new ternary CCP of variable structure was developed. The investigations conducted on the basis of this type of plant allow us to make a conclusion, that the choice of the structure and parameters of the working substances of TCCP should be made by taking into account the level of influence of certain plants (GTP, STP, LBS) on the CCP effectiveness. Thermodynamic properties of a low-boiling substance have a considerable influence on the effectiveness of a ternary combined cycle plant. In some options (combinations) the use of butane concerning the thermal effectiveness is more profitable than the use of ammonia.
For a ternary CCP independently of the plant structure and the type of low-boiling substance the following dependences (relations) are typical:
1. The greatest influence on thermal effectiveness of a ternary CCP has the completeness of the use of burned (flue) in GTP gases in a boiler-utilizer.
2. Steam turbine installation efficiency does not have any influence on thermal effectiveness of a ternary CCP, since this turbine installation operates without any losses in the cycle. The increase of steam parameters and its interim superheating allows to increase the effectiveness of a ternary CCP due to the steam turbine and the whole steam-gas plant capacity (output) increase.
3. With the increase of turbine electric power operating on low-boiling substance the effectiveness of a ternary CCP decreases: to maintain its effectiveness it is necessary to optimize steam consumption of low-boiling substance.
4. The removal of evaporative and superheating surface of low-boiling substance heat-exchange from the boiler-utilizer and the transmission of the corresponding loads on steam turbine plant leads to the increase of thermal effectiveness of a ternary CCP.
5. Plant coefficient of efficiency on a low-boiling substance has a positive influence coefficient on SGP performance and, therefore it makes sense to increase the initial steam temperature of low-boiling substance and to complicate the plant scheme by steam cooler introduction of waste steam or regenerative heating of low-boiling substance. ɭɫɬɚɧɨɜɤɢ ɧɚ ɧɢɡɤɨɤɢɩɹɳɟɦ ɜɟɳɟɫɬɜɟ ɢɦɟɟɬ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɜɥɢɹɧɢɹ ɧɚ ɄɉȾ ɉȽɍ, ɩɨɷɬɨɦɭ ɢɦɟɟɬ ɫɦɵɫɥ ɩɨɜɵɲɟɧɢɟ ɧɚɱɚɥɶɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ ɩɚɪɚ ɇɄȼ ɢ ɭɫɥɨɠɧɟɧɢɟ ɫɯɟɦɵ ɭɫɬɚɧɨɜɤɢ ɜɜɟɞɟɧɢɟɦ ɩɚɪɨɨɯɥɚɞɢɬɟɥɹ ɨɬɪɚɛɨɬɚɜɲɟɝɨ ɩɚɪɚ ɢɥɢ ɪɟɝɟɧɟɪɚɬɢɜɧɨɝɨ ɩɨɞɨɝɪɟɜɚ ɇɄȼ.
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